applied sweeps. Anodic currents measured at the foot of the wave deviated from -theoretical predictions as a consequence of the small but uncompensated resistance of the electrolyte. In an effort to predict and therefore control the amount of deposit, integral charges associated with each sweep have been measured and successfully correlated with the parameters of the experiment. It has been found that at mM concentrations, deposit thicknesses of the order of up to 20 monolayers can be formed with quantitative control. Experiments with a rotating disk electrode have demonstrated that a periodic current response is obtained upon multiple sweeping as predicted by theory. First sweep and periodic currents normalized with respect to the limiting current could be correlated with the dimensionless sweep rate in accordance with the theoretical predictions. Contrary to previous investigations, the diffusion coefficient of the silver ion was determined -2-by limiting current measurements and the value thus obtained was subsequently used to successfully correlate stationary electrode cyclic voltammetry data. During limiting current measurements with very slow sweeps, the development of surface roughness was observed as a significant increase of the current from the constant value obtained at faster sweeps. Based on the dimensionless sweep rate, a semiempirical criterion was developed for the optimal conditions for the potentiodynamic determination of steady state limiting currents, the use of which may eliminate errors arising from both transient effects and surface area increase due to roughness.
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INTRODUCTION
In previous communications (1,2) we presented calculations for diffusion-controlled cyclic voltammetry (CV) for both a stationary planar and a rotating disk electrode (ROE) for reversible depositions at unit deposit activity. These represented extensions to previous linear sweep voltammetry (LSV) analysis for the stationary electrode (3) and the ROE (4) , and were carried out in order t~ predict the effects of multiple sweeping on the deposition current and charge. For an experimental investigation of the theoretical predictions, we chose the electrodeposition of Ag for several reasons. The kinetics of this reaction are very fast, so the reaction can be considered reversible and controlled by diffusion as required by the theory. The equilibrium potential is sufficiently anodic to allow for a wide selection of values for the potential at which the (3) . In the present investigation, consistency is sought by measuring diffusivity from limiting currents and . -4-using the value thus obtained to correlate stationary electrode and ROE single sweep and mu1tisweep vo1tammetry data. Also in limiting current measurements by Kraichman and Hogge (8) as well as in a previous LSV-ROE study by Andricacos and Cheh (4), gelatin was used in the electrolyte as a leveling agent, but as we are interested in this study in the effects of roughness on mu1tisweep vo1tammetry, no leveling agents were employed.
EXPERIMENTAL
Experiments were performed in a glass three-compartment cell. Silver wires were used for both reference and counter electrodes. The working electrode was a Pine Instruments Au ROE with a geometrical area of 0.46 cm 2 polished to a mirror finish. When rotating, it was driven by a Pine Instruments Analytical Rotator assembly. The electrolyte composition was 1.1(2) x 10-3 AgN0 3 in 1 M HC£04; it was prepared from reagent grade AgN0 3 (Allied Chemical), electronic grade HC£04 (Apache Chemicals), and pure H 2 0 (Harleco). No further purification was attempted. The electrode potential was controlled with a PAR potentiostat (Model 1730) connected to a PAR Universal Programmer (Model 175). The potentiostat was equipped with a digital cou10meter (PAR Model 379) and both current and integral charge were recorded either with a X-V recorder or an oscilloscope depending on the sweep rate .
. The Au ROE at zero rotation speed served as a stationary planar electrode. It was preferred relative to other possibilities since its configuration minimized possible natural convection complications, i.e. downward facing with the density increasing from top to bottom (9) . An inert substrate was chosen instead of Ag to avoid. repeated polishing and subsequent irreproducibilities in the initial condition of the surface.
-5-The Au ROE was initially immersed in the O 2 free electrolyte at a potential of 0.200 V anodic to that of the reference Ag wire and was subsequently cycled in the UPO region. Figure 1 shows a typical voltammogram obtained at 0.050 Vs-l . Peaks I,ll represent underpotentia1 deposition and stripping, whereas peaks 11,111 probably originate from an alloying state (10) . These peaks were invariant with rotation speed whereas peaks 111,1111 were rotation dependent and were taken as bulk deposition. Bulk deposition occurred at potentials slightly anodic to zero vs. Ag wire since the Nernstian potential is apparently not established at monolayer coverages.
If the cathodic sweep is extended well into the bulk deposition region, the resulting diffusion controlled peak is of lower magnitude compared to an electrode initially covered with Ag. A simple excursion into the UPD region is thus not sufficient to establish the Nernstian equilibrium potential of'Ag corresponding to unit activity at the surface. Unit activity was achieved by preplating the ROE surface at -0.025 V and 1600 rpm until a deposit equivalent to a charge of ca. 10-2 C cm-2 ,had accumulated on the surface. The potential ,of the prep1ating was chosen sufficiently away from the limiting current to avoid powder formation (9) . Upon opencircuiting, the ROE potential was within 0.001 V relative to the Ag wire and remained constant for at least 15 min. The potentiostat was reconnected and the electrode potential adjusted so that exactly zero current passed as judged by the digital coulometer registering less than 10-7 C for at least 1 min.
This procedure guaranteed that the anodic reversal potential was exactly the equilibrium at unit surface activity. After this initial preparation, the cathodic reversal potential was chosen and mu1tisweep measurements were taken. Upon completion of the measurements, the electrode potential was -6-swept into the anodic region again and the deposited Ag was stripped at +0.020 V. After some time the anodic current dropped to ca. 0, leaving residual Ag at a surface activity consistent with an equilibrium potential of 0.020 V. Slow sweeping at 0.001 Vs-1 in the anodic direction resulted in stripping of all deposited Ag both during prep1ating and CV measurement.
For each sweep rate the procedure was repeated and yielded results reproducible to better than 1%. For the limiting current measurements, the preplating step was omitted. The overpotentia1 at which the cathodic current maximum is observed is predicted (3) to be equal to 0.854 (RT/nF) = 0.022 V for ~=O (T=25°C, n=l) and increases (2) to at most 1.3 (RT/nF) = 0.033 V upon multiple sweeping; it is independent of the sweep rate, diffusivity, and bulk concentration for reversible depositions at unit deposit activity. These predictions were verified to within 0.003 V.
b. Cathodic Current Maxima
The theoretical analysis predicts cathodic current maxima given by the relations (2):
and A = {nF)3/2 {RT)-1/2 D1/2 [1 ] where ~ is the number of already applied complete sweeps, v the dimensional sweep rate, c b the bulk concentration of Ag+, a={nF/RT)v, {atc)max is the dimensionless peak overpotentia1 in multiples of RT/nF, e the time duration of each anodic or cathodic part of the sweep, and ae is the dimensionless reversal overpotentia1 in multiples of RT/nF. I~,max is the maximum value within a sweep of the cathodic current density function, the values of which can be computed from the equations given in Ref. 2. which is also consistent with the value calculated from the RDE limiting current measurements to be described.
The value of the potential at which the sweep is reversed is immaterial for the current maximum during the first sweep (~=O). However, it significantly affects its magnitude during subsequent sweeps. As as increases, the height of the second (~=l) maximum decreases. Furthermore, the differences between sweeps for ~>l decrease with increasing as. This is in agreement with the computational observation (2) that in the limit a0+00, the current becomes periodic. It is interesting to note that even after 10 sweeps the cathodic current density maxima computed on the basis of the geometrical area of the electrode are still described by eq. [1] .
c. Anodic Current Maxima
These are the anodic currents measured at the end of the ~th anodic or the beginning of the ~+l cathodic sweep, i.e. they are the currents measured at the equilibrium potential for ~>O. They are described by an equation identical to eq. [1] , the only difference being in the values of the current function: instance, for ~=o, q~ is the value at pOint a; for ~=l, q~, i.e. the charge during the second cathodic sweep, is the difference between points e and c; for ~=2, q~ is the difference between points g and f, and so on.
Charge has a linear dependence on the inverse of the square root of the sweep rate (2) as shown by
and B = (nFRTO)1/2 [3] where Q~ is the charge density function, values of which are given in [3] and experiment can be seen in Fig. 5 , except in the case for a0=16 and ~>o in the low sweep rate range. The charge deviations under these conditions are not accounted for by the anodic current deviations in Fig.   4 . Although one would expect that lower measured anodic currents would yield higher cathodic charges, the time duration over which these lower anodic currents are measured is too small to account for the deviations appearing in Fig. 5 . We attribute these deviations to a roughness effect.
Although it may not affect the value of the current density at any given potential, its effect is enhanced when one integrates over the entire current curve. This explanation is consistent with deviations appearing at conditions that produce high total charge, e.g. low sweep rates, high reversal potentials, and values of ~ greater than O.
As can be seen from itself during the 1=0 sweep; however, the 1=0 results agree with eq. [3] in which the geometrical area of the electrode has been used.
A plot of the dimensionless net charge density function, Q~, is shown in Fig. 6 . Theoretical predictions (2) are given in Table 1 , whereas experimental values are obtained from [4] where q~ is the value of the charge at the equilibrium potential. For instance, with reference to Fig. 2c , q~ corresponds to point c, q~ to the difference between points f and c, and so on. Q~ depends only on 1 and a8 but not on the sweep rate. Therefore, for fixed 1 and a8, Q~ should be the same irrespective of which pair of q~ and v values is used. Results where 6 is the thickness of the Levich diffusion layer, is ca. 11 at this o should sweep rate and rotation speed. Since cr>3, a peak of magnitude ic,max appear on the first sweep (1,4) , as was observed. For cr>4, this peak is the same as if the electrode were stationary. If w is increased to 400 rpm, the cr>3 condition is not satisfied and no current peak should appear; such a peak was not observed when w was increased to 400 rpm. The sweep in Fig. 7a was reversed at an overpotential of 0.300 V where a limiting current was observed. Since the characteristic time of the ROE, 6 2 /0, was approximately 2.8 s and the duration, e, of each sweep 35, the periodicity -13-criterion (1) requiring 8>0 2 /0 was strictly satisfied. It is then expected (1) that the current response during the second cathodic sweep be periodic, i.e. not change during multiple sweeping. This behavior is confirmed in Fig. 7a ; the height of the periodic cathodic current maximum, ic,max' is lower than i~,max and does not change upon multiple sweeping.* Similarly, the magnitude of the anodic current, i a , at the foot of the wave is always constant, provided that the periodicity criterion is satisfied. It should be noted here that it is not always possible to meet the periodicity require- Fig. 7a . Due to the electrode rotation more deposit is accumulated on the ROE than on the sationary electrode at the same conditions. The amount of deposit, and the equivalent charge, is mostly defined by 8 and the limiting current, i L . Since the electrode current is near iL for most of the time, and since the excess cathodic charge in the cathodic current peak is partially counterbalanced by the anodic charge near the equilibrium potential, the charge/potential diagrams have a much simpler (nearly linear) appearance than the stationary electrode diagrams (Fig. 2c) . [6] It should be noted that an experimental investigation of eq. [6] does not require knowledge of the bulk concentration of the reactant or the electrode area as long as it remains constant during the performance of the experiment.
Due to the dimensionless nature of eq. [5] , it is possible that different combinations of rotation speed and sweep rate yield the same value of a.
On the other hand, the measured peak currents when normalized with respect to the appropriate i L , should yield the same J. This was in fact observed as shown by the results of Fig. 8 .
The periodic current maxima correlation (1) ic,max = 0.88 a O . 251 • a>9
Jc,m~x = iL [7] is seen (Fig. 9 ) to agree well with the experimental data. Again Jc,max is independent of electrode area and reactant bulk concentration. In addition, its value for a particular a does not depend on the particular combination of wand v that gives rise to this value of a. The dependence of J c,max on a is weak and requires a large range of sweep rates for its experimental determination. However, if low rotation speeds are used this is not a significant disadvantage. At low rotation speeds the periodic state is established, unlike the ~-dependence of a stationary electrode response, and can be retained for longer times since deposit accumulation is also lower. Figure 10 shows the dependence of the periodic dimensionless anodic current function maximum on a, which is predicted (1) to be [8] ,.. The fact that the potentiodynamically measured limiting currents yielded a value of D Ag + that is consistent with other literature indicates these objections to the potentiodynamic method require qualification. The more serious limitation is related to the control of the total amount of deposit during the time period required for limiting current measurements.
-16-Potentiodynamica11y, the amount of deposit is not controlled directly, but indirectly by choice of rotation rate and sweep rate. The choice Qf these two parameters must be made judiciously to obtain true limiting current measurements that are relatively unaffected by surface roughness. For the combination of rotation rate and sweep rate such that a>3, as in Fig. 7 , the limiting current can be measured with the deposition of less thar -2 1 me'cm . There may be circumstances where iL measurement using a>3 is not possible, due to very high sweep rates or to insufficient potential range (competing reactions). However, when a<3, the current increases more sharply to iL (1) so that the measurement can be made in a narrower potential region, but the quantity of deposit will be much larger, and the possibility of roughness effects much greater. Roughness effects were clearly evident for some combinations of rotation rate and sweep rate, as shown in Fig. 11 .
For very low values of the sweep rate (0.002 and 0.005 Vs-1 , Fig. 11) there appear to be well defined conditions at which the current increases beyond the IL value. Since the electrode potential is such that no other reactions besides Ag deposition can occur, this increase must be attributed to an increase of the effective surface area of the electrode through the formation of irregularities of characteristic dimension comparable to the thickness of the diffusion layer. It is also possible that these irregu-
1arities once formed may further enhance mass transfer through their effect on the hydrodynamics of the system. Table 2 shows results obtained at different sweep rates and rotation speeds for the potential and the integral charge at which the measured current becomes greater than the limiting current. Several features of these results should be noted:
at the same rotation speed, less deposit and more overpotentia1 is required -17-at increasing sweep rates; at the same sweep rate, the critical overpotential increases with increasing rotation speed; assuming uniform deposition the height of the deposit at the onset is at least 100 times smaller than the boundary layer thickness.
It should be noted also that the characteristis amounts of Ag deposited in Table 2 are approximately 10-100 times greater than in the other CV curves which were used to test the ROE theory. Collectively, these observations indicate that the irregularities are confined to a very small (e.g. 1%) fraction of the total surface, possibly at the very edge of the disk .. We do not, however, offer a definitive physical interpretation of the surface roughness.
CONCLUSIONS
An experimental investigation of Ag deposition by multisweep cyclic voltammetry has shown excellent agreement between experiment and a model assuming reversible kinetics at unit activity of the deposit. The anodic reversal potential was set to equal the equilibrium potential of the electrode while sweep rate, number of applied sweeps, and cathodic reversal potential were treated as parameters.
For the stationary electrode, cathodic current maxima (peaks) were observed that continuously decreased in magnitude with increasing number of applied sweeps and the peak potential in the cathodic direction. Peak heights were a linear function of the square root of the sweep rate with slopes which depend on the value of the current function at a given cathodic reversal potential as well as on the diffusion coefficient of the ion, its bulk concentration, and the area of the electrode. Although each complete sweep results in the formation of a net deposit, the electrode geometrical or projected area could be used to compute current densities at mM concen- When the magnitudes of the cathodic current maxima were normalized with respect to the limiting current at a particular rotation speed, the resulting dimensionless quantity was correlated to the dimensionless sweep rate. For 0>9, the periodic dimensionless current was shown to vary linearly with 0 1 / 4 .
It was concluded that cyclic voltammetry on the ROE should hp oerformed at low rotation speeds to avoid excessive deposit accumulation and the need for high sweep rates. At these rotation speeds, the limiting current as well as the first and periodic current maxima are well defined and the ROE correlations can be subsequently used for diagnostic purposes without accurate knowledge of the value of the electrode surface area 6r the bulk concentration of the reacting species.
In correlating cyclic voltammetry data for both stationary and rotating disk electrodes knowledge of the diffusion coefficient of the reacting ion is required. In this investigation a diffusivity value for 0Ag+ was obtained by ROE potentiodynamic limiting current measurements. At moderate sweep rates, a limiting current plateau was obtained which was accurately described by the Levich equation. However, at much lower sweep rates non-uniform deposit accumulation caused the limiting current to increase above its previously determined value. In order to avoid surface roughness and transient effects and also in order to maximize the potential range over which the limiting current is observed, it is concluded that the optimal value of the sweep rate is the one just before the appearance of the cyclic voltammetry current peak. For reversible deposition reactions this value can be found from the requirement that the dimensionless sweep rate be equal to 3. dDeposit thickness equivalent to q; deposit assumed uniform with a density of 10.5 g·cm-3 .
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